Abstract: Sialic acid, a nine-carbon sugar, is an acetylated derivative of neuraminic acid predominantly found in vertebrates, a few higher invertebrates, and certain types of bacteria. Red blood cells (RBCs) have a net negative surface charge and this bulk charge is due to ionized sialic acid. Decreased surface charge and sialic acid content have been reported in older erythrocytes, and it is postulated that the decreased electro-negativity may be related to cell senescence. In the present study we report the RBC and plasma sialic acid content during aging in rats. Our results show a significant decrease in RBC sialic acid content and increase in plasma sialic acid as a function of rat aging. The decreased sialic acid in erythrocyte membrane with increasing rat age presents a good biomarker of the aging process. The elevated plasma sialic acid may be a manifestation of several factors including increased expression of acute phase proteins and increased damage to various organs.
Introduction
Sialic acid is a nine-carbon acetylated derivative of neuraminic acid, which is a component of glycoproteins and glycolipids predominantly found in vertebrates, a few higher invertebrates, and certain types of bacteria (Chau et al. 2011) . It is typically present at the outermost end of glycan chains of all cells (Angata & Varki 2000; Schauer 2000; Varki 2007 ). The most common member of this group is N-acetylneuraminic acid (NANA). Sialylated conjugates in mammals perform important roles in cellular recognition, signalling, hydroxyl radical scavenging, neuronal development and host-pathogen interaction (Ogasawaraa et al. 2007; Varki 2008) . Sialic acids are also the ligands for the Siglec family of cell adhesion molecules, which appear to be involved in regulating the immune response (Varki & Angata 2006; Crocker et al. 2007; Varki 2007) . Activation of immune cells appears to be associated with a down-regulation of cell surface sialic acids (Liang et al. 2006; Nan et al. 2007) .
Serum sialic acid has also been used as a biomarker of some diseases. Sialylated molecules can be detected in the serum as markers of cancer progression (Rhodes 1999; Yin & Lloyd 2001) and cardiovascular disease (Gopaul & Crook 2006 ). An increasing level of sialic acid is also used as a screening test for both chronic alcohol consumption (Romppanen et al. 2002) and congenital disorders of glycosylation (Yamashita et al. 1993; Freeze & Aebi 2005) . In the case of cancerous patients secreted or proteolytically released carcinoma mucins bear some unusual forms of sialylation, which can be detected in the bloodstream and are used as diagnostic and prognostic aids (Rhodes 1999; Yin & Lloyd 2001) .
The changes in the sialic acid content of the human red cells, platelets and plasma membrane during the cellular senescence has been investigated (Durocher et al. 1975; Gattegno et al. 1976; Goswami & Koner 2002) . Information on sialic level (red cell membrane and plasma) as a function of age during a full lifespan is, however, scanty. The present study was undertaken to determine the red cell membrane sialic acid content and plasma sialic acid during aging in rats for the entire life span.
Material and methods

Chemicals
NANA and recercinol were purchased from Sigma Aldrich, USA. Cupric sulphate, periodic acid, t-butanol, and all other chemicals were of highest purity available from Merck (India) and Himedia Labs (India).
Animal model and study protocol
The experiment was carried out using a total of 48 male wistar rats. The rats were segregated according to age (1, 4, 8, 12, 18 and 24 months old) and housed in cages containing eight animals in each age group (n = 8). The rats were kept at controlled temperature (25 ± 5 light-dark cycles. All rats were fed with a normal laboratory diet (nutrient rich pellets) containing total energy as fat, protein and carbohydrates, and had free access to drinking water. Blood samples were collected by cardiac puncture under light anaesthesia into 10 unit/mL heparin rinsed anticoagulant syringes, red cells were pelleted by centrifugation at 800×g for 10 min at 4
• C, and plasma was removed immediately and frozen at −80
• C until use for measurement of sialic acid content. After the removal of plasma, erythrocytes were isolated for obtaining membrane. All protocols for experiments were approved by the Animal Care and Ethics Committee of University of Allahabad.
Erythrocyte membrane isolation
Erythrocyte 'ghosts' from leucocyte-free red blood cells (RBCs) membrane were prepared using the method of Dodge et al. (1963) , with slight modifications. Briefly, washed and packed erythrocytes were lysed by adding 10 volume of 5 mM phosphate buffer pH 7.4 (at 4
• C) while mixing. After leaving on ice for 30 min, the erythrocyte membranes were packed by centrifugation at 20,000×g for 10 min at 4
• C and the hemoglobin-containing supernatant was removed. The erythrocyte membranes were then washed three-times by suspending in fresh buffer followed by centrifugation under the same conditions. Finally, the membranes were suspended in hypotonic 5 mM buffer followed by centrifugation under the same conditions and then resuspended in 5 mM phosphate buffer, pH 7.4. Protein was estimated in red cell membrane preparation following the method of Lowry et al. (1951) , using bovine serum albumin as a standard.
Determination of membrane and plasma sialic acid (NANA) level It was performed by the method of Spyridaki et al. (1996) . To determine the sialic acid level in membrane/plasma, 0.10 mL of 0.04 M periodic acid was added to a glass tube containing 500 µL diluted (20 times) sample solution. It was mixed thoroughly and allowed to stand in ice bath for 30 min. Thereafter 1.25 mL of resorcinol working solution (5 mL of 6.0% resorcinol solution and 0.125 mL of 0.1 M copper sulphate solution brought to a final volume of 50 mL with 10 M HCl) was added, mixed and heated at 98
• C for 5 min. Tubes were cooled on ice bath for approximately 2 min. Lastly 3.25 mL of n-butanol was added. The solutions were mixed vigorously and the tubes were placed in a water bath at 37
• C for 3 min for colour to stabilize. Immediately after removing the solutions from the water bath their absorbance were measured at 625 nm against a reagent blank. A calibration graph was prepared with standard solutions of NANA in the range 20-200 µM and the unknown concentrations of total sialic acid in samples were calculated. Sialic acid level in membrane is reported in terms of µg/mg membrane protein. Plasma sialic acid is measured as µM.
Statistical analysis
All data are presented as means ± SEM and statistical analyses were conducted using the software PRISM version 4. Differences among treatments were determined using a ttest.
Results and discussion
Sialic acids are known to exist in animals and occupy the terminal position of many glycoproteins (Fig. 1) . This accounts for 95% of the negative charges on the membrane surface of the RBCs, and is crucial for the survival of mammalian RBC in circulation (Jayaraman et al. 2008) .
Erythrocyte membrane sialic acid content was found to decrease in an age-related pattern (Fig. 2) . The involvement of sialic acid in red cell senescence has long been investigated. A decrease in membrane sialic acid has been reported in red cells during its life span of 120 days (Hadengue et al. 1998) , and its role as a determinant of the erythrocyte lifespan was described in several reports (Durocher et al. 1975; Brovelli et al. 1977) . It has been reported that human 'ghost' membranes are able to release, by an autolytic process, a glycopeptide in which 30-60% of total membrane sialic acid is present. Also, intact human cells incubated at D. Kumar & S.I. Rizvi physiological pH digest their own membrane glycoproteins and release a sialoglycopeptide, which is similar in its chemical composition to that obtained after the incubation of 'ghost' membranes. The presence of physiological concentrations of reduced glutathione or ATP in the incubation medium inhibits the sialoglycopeptide release from 'ghost' membranes (Brovelli et al. 1977) . Our observation of a decrease in red cell membrane sialic acid as a function of rat age suggests that aging is also a cause for decrease in red cell lifespan. Since aging is known to be associated with increased oxidative stress, it is suggested that this may be a possible cause for loss of sialic acid.
Since sialic acids confer negative charge to cells and are also hydrophobic in nature, they have many structural and modulatory roles. Sialic acids also serve as components of binding sites for various pathogens and toxins (Ilver et al. 2003; Lehmann et al. 2006) . A pathogen binding protein recognizes definite forms of sialic acids that are present in specific linkages to a defined underlying sugar chain. In invertebrates, sialic acid specific lectins are found, which are supposed to be involved in defence against microbes expressing sialic acid on their surface (Tunkijjanukij et al. 1998) . Thus changes in sialic acid content may cause possible topological structural change in the membrane thereby affecting the body's defence mechanism against microbes.
Sialic acid molecules are known to exist on all cell types in vertebrates for a long evolutionary time. In the last few decades several sialic acid binding proteins have been discovered (Ilver et al. 2003; Lehmann et al. 2006; Varki 2007) . One of important functions of sialic acid is 'molecular mimicry', in which successful microbial pathogens decorate themselves with sialic acids, assisting in evasion of host immunity (Vimr et al. 2004 ). Mucin, which contains high-molecular-weight glycoprotein (containing sialic acid), functions as hydroxyl radical scavenger and loses its ability when desialylated; thus mucin has the ability to protect cells from oxidants (Ogasawaraa et al. 2007 ). Since oxidative stress is known to increase with age in humans (Rizvi & Maurya 2006 , 2007 and our present results also substantiate this in rats, we presume that loss of sialic acid could also contribute to decreased ability of mucin to protect against oxidants.
We find that plasma sialic acid levels increase as a function of age in rats (Fig. 3) . Plasma level of sialic acid is not only due to loss from the RBC membrane through oxidative damage but is also due to damages in the various organ cells. A higher level of plasma sialic acid compared to normal has been reported in cholangiocarcinoma patients (Wongkhama et al. 2001) . The metastatic potential of gastric cancer cells has been found to be associated with high level of α-2,3-linked sialic acid residues (Wang et al. 2009 ). Hyperexcretion of urinary free sialic during sialuria and infantile sialic acid storage diseases prove that the degraded sialic acid gets excreted through urine and is transported via the plasma (Nakano et al. 1996) .
Acute phase proteins (APPs) are a group of blood proteins that change concentration in animals subjected to external or internal challenges, such as infection, inflammation, surgical trauma or stress (Murata et al. 2004) . It is known that serum concentrations of APPs are affected by age (Pallares et al. 2008 ). These APPs consist of 'negative' and 'positive' proteins (Murata et al. 2004 ). The negative APPs include albumin, the most abundant constitutive plasma protein, and transferrin. The positive APPs are glycoproteins synthesized mainly by hepatocytes upon stimulation by proinflammatory cytokines and released into the bloodstream (Pineiro et al. 2007 ). There is also evidence that physical stress can induce APPs level in cattle (Murata & Miyamoto 1993; Alsemgeest et al. 1995) . It has been suggested that an increase in serum total sialic acid levels is a useful indicator of the acute phase reaction (Thougaard et al. 1999) . Since it is known that the expression of APPs get increased during aging (Pallares et al. 2008) , increased sialylation of the α-1 acid glycoprotein molecule or the shedding or secreting of sialic acid from the cell membrane surface because of cell damage may contribute to increase in plasma sialic acid, which we have observed during aging in rats.
Conclusion
The decreased sialic acid in erythrocyte membrane with increasing rat age presents a good biomarker of the aging process. A decreased sialic acid on red cell predisposes towards apoptotic event. The elevated plasma sialic acid is a manifestation of several factors including increased expression of APP and increased damage to various organs. Our findings may also help to provide an insight into the altered rheology of red cells as a function of age.
